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Abstract
In this paper, seven copper-zirconia toughened alumina (Cu-ZTA) cermets were prepared by vacuum
hot pressing sintering (VHP). The effects of different binder content and different particle size of ZTA
particles on themechanical properties of Cu-ZTA cermets were investigated. Themicrostructure of
the composites was studied by x-ray diffraction, scanning electronmicroscopy and energy dispersive
spectroscopy. The hardness of thematerial wasmeasured bymicroVickers hardness tester. The results
show that the solid solution strengthening occurs in the hot pressing sintering process, the formation
of copper-based solid solution increases the hardness of thematrix, the highest is192.04HV0.1. The
ZTAparticles are uniformly distributed in thematrix, and the surface of the ZTAparticles is
surrounded by a continuous coppermatrix and second phase. Two interfaces are formed between
ZTAparticles andCumatrix. One is the ZTA/Cu interface formed by the substitution of Cu atoms for
Ni atoms, it is amechanicalmeshing interface which extends the service life of cermet under
mechanical stress and thermal stress. The other interface is the reaction bonding interface of Cu3Ti3O
andTiOx. The friction andwear test results show that the use of low-diameter ZTAparticles and
increasing the content of Cu binderwill improve the friction andwear properties of Cu-ZTAcermet.
Under the action of stress, the fracture occurs at the interface of Cu/ZTA, and thewear, fracture and
extraction of ZTA ceramics cause the failure of Cu-ZTA cermet.
1. Introduction
Cermets arewidely used in cutting tools due to their excellentmechanical properties [1–5]. Cermets have high
bonding strength, good formability, strong abrasiveness and canwithstand large loads during processing [1,
6–8]. At present, cermet substrates are oftenmade ofmetals such as Al, Cu and Fe. Among them,metallic copper
has beenwidely used in the preparation of cermets due to their low cost, excellent electrical, thermal and
mechanical properties [9–13]. Cu-based cermets with ZTA [14–16], TiC [3, 16],WC [2, 17], TiB2[10] and other
reinforcing phases have significant advantages over puremetals. The cermetmaterial with ZTA as the
reinforcing phase has excellent toughness ofmetalmaterials and has excellent wear resistance and chemical
stability of ceramicmaterials [18]. The ZrO2 contained in ZTAundergoes a transition from tetragonal to
monoclinic when subjected to stress, which consumes the energy of crack propagation and thus improves the
toughness of Cu-ZTA cermet [9]. Hence, ZTA is an idealmaterial for the preparation of cermets [16].
In recent years, the interfacial bonding strength and interfacial bondingmechanismbetween ZTA and
metals have been extensively studied [15, 19, 20]. Al2O3 andZrO2 are polarmaterials, so it is hard to bondwith
metals, which limits the bonding ability between ZTA andmetals [20]. To solve this problem, ZTAneeds to be
surface treated. The common surface treatmentmethods include spraying [21, 22], electroless plating
[20, 23, 24], chemical vapor deposition (CVD) [25, 26], ion beam sputtering [27], etc. Studies have shown that
electroless plating is an effective way to improve the bonding ability of ZTA andmetals [28, 29]. Electroless
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nickel plating can effectively control the thickness of the coating and is widely used for surfacemodification of
ceramicmaterials [30, 31]. Juan et al [8] found that after nickel plating on the surface of ZTA,Ni andAl reacted
andwetted at the interface under high temperature condition, which improved thewettability of Al andZTA. Ru
et al [15] found thatNi-coated ZTAparticles canwet with Fematrix at high temperatures becauseNi atoms
diffuse into the Fematrix in the presence of liquid phase. The liquidmetal penetrates in the dimples and pores of
the ceramic surface by capillary force to form a dense structural layer, which improves the interfacial bonding
strength. Considering that Cu andNi can form a solid solution [32], electroless nickel plating is expected to be a
method for improving thewettability between ZTA andCu [32]. In addition to improving thewettability of the
interface, a suitable sintering process can also improve the interfacial bonding ability of ZTA andCu. In the
method of preparing copper-based cermet, powdermetallurgy has become the first choice for the high density
and low cost of the prepared cermet [1, 33, 34]. Vacuumhot pressing (VHP) is amanufacturing process for
manufacturing cermets [18]. Ji et al [35] usedVHPs to prepareNi-bonded Ti(C,N)-based cermets. Due to
diffusion, Ti(C,N) grains dissolved in theNimatrix to form edge phases that improved thewettability between
binder and ceramics.
At present, there are few studies onCu-based cermets with ZTA as the reinforcing phase, itsmainly because
the poor interfacial bonding ability between ZTA andCu. Themismatch of coefficient of thermal expansion
(CTE) between ZTA andCu also influence the use of Cu-ZTA cermet. Therefore, in this paper, themetal Cu is
used as the binding agent innovatively. The alloy element,such asNi, can not only strengthen the solid solution,
but also balance theCTE difference between ZTA andCu. The surface of ZTAparticles is platedwithNi to
improve the bonding ability with Cu. Finally, Cu-ZTA cermet was prepared byVHPs. The effect of nickel plating
on thewettability of ZTA andCumatrix and the effect of ZTAparticle size on themechanical properties of Cu-
ZTA cermet were evaluatedby testing themechanical properties of Cu-ZTA cermet. Based on the experimental
results, the formationmechanism ofCu/ZTA interface and the friction andwearmechanismofCu-ZTA
cermets were discussed.
2. Experimental
2.1.Materials and composites fabrication
In this paper, seven different Cu-ZTA cermets with different binder contents and different ZTAparticle sizes
were prepared. The ZTAparticle diameters used in this paperwere 2.00 mm (F10), 1.40 mm (F14), and 1.18 mm
(F16), respectively. Themetal binder is amixture of copper, tin, nickel and zinc, themass ratio is 85:6:5:4. The
Cu-ZTA cermet substrate is reinforced by FeS2,Na3AlF6, TiH2, CaCO3, Cr, La, graphite andWC. The specific
parameters are shown in table 1.
Theflow chart is shown infigure 1. Rawmaterials were placed in a planetary ballmill (WL-1) andwet-milled
with the speed of 200 r min−1 for 2 h, thewet-millingmediumwas t-butanol. After the completion of the ball
milling, themixed powderwas placed in a freeze dryer (FD-A-50) and dried for 24 h. The rawmaterials are
sintered by vacuumhot pressing (VHP,HAS-25). The sintering temperaturewas 900 ° Cwith the pressure of
12MPa, the holding timewas 120 min. Then the grinding test of Cu-ZTA cermets was carried out. The grinding
test of theU17Mn steel bar was tested by a self-made grinding test stand. The grinding speed is 600 r min−1 and
grinding pressure is 500 N. The chemical composition of the steel bar is shown in table 2.
2.2. Characterization of composites
Themicrostructures of the composite powders and bulk composites were examined and analyzed by scanning
electronmicroscope (SEM,Hitachi S-4800) equippedwith EDS and x-ray diffraction analysis(XRD,X. Pert Pro-
MPD). The hardness of theCu-ZTA cermets substrate were tested by digitalmicro-Vickers hardness tester
(HVS-30). The friction coefficient and surface roughness of the friction interface betweenCu-ZTA cermet and
steel bars weremeasured by the self-made equipment. The grinding ratio of several kinds of cermet to steel bars
Table 1.Composition of Cu-ZTA cermet (wt%).
Number Copper binder ZTA FeS2 Na3AlF6 TiH2 CaCO3 La Cr graphite WC Remarks
F10-1 30 52.5 2.5 2.5 3 2 0.5 1 1 2.5
F10-2 35 50 2.5 2.5 3 2 0.5 1 1 2.5
F10-3 40 45 2.5 2.5 3 2 0.5 1 1 2.5
F10-4 35 50 2.5 2.5 3 2 0.5 1 1 2.5 Electroless plating
F10-5 40 45 2.5 2.5 3 2 0.5 1 1 2.5 Electroless plating
F14-2 40 45 2.5 2.5 3 2 0.5 1 1 2.5 Electroless plating
F14+16-1 35 25/25 2.5 2.5 3 2 0.5 1 1 2.5 Electroless plating
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was tested to characterize the grinding ability of Cu-ZTA cermet. Themorphology of theworn steel bar was
analyzed by scanning electronmicroscopy (SEM,Hitachi S-4800).
3. Results and discussion
3.1. Electroless nickel plating of ZTAparticles
In order to study the combination of ZTAparticles and coppermatrix after electroless nickel plating, the
morphology of ZTAparticles were observed by SEM. Figures 2(a) and (b) showZTAparticles which have not
been electroless platedwith nickel. It can be found that the surface of the ZTAparticles is uneven, which
reducing the binding ability of the ZTAparticles to themetalmatrix. The EDS spectrum results confirm that the
material at points 1–3 infigure 2(b) is ZTA that composed of ZrO2 andAl2O3. Comparedwithfigures 2(a) and
(c), the surface of the ZTAparticles after electroless nickel plating isflat. It can be observed fromfigures 2(c) and
(d) that after electroless nickel plating, the surface of the ZTAparticles become relative flat because the
electroless nickel plating has the characteristics of uniformplating thickness [30, 31]. After electroless nickel
plating, the pores on the surface of ZTA are covered byNi to form a uniform thickness of nickel layer that
enhance the binding ability of ZTA to copper-based binders. The EDS spectrum results show that the nickel
content at point 5 is almost zero. The elemental contents of Al andZr are consistent with ZTA ceramics,
indicating that the nickel plating layer is broken at point 5, the inside of the notch is ZTAparticles. Figure 2(d)
show that the thickness of the electroless nickel layer is substantially the same. The energy spectrum at points 4
and 6 confirmed that the surface electroless plating of the ZTAparticles was a nickel layer.
Figure 1. Flow chart of preparation of Cu-ZTA cermet.
Table 2.The chemical composition and physical properties of the railmaterial [36].
Chemical
composition Steel bars C Si Mn S P V Nb
U17Mn 0.65–0.76 0.15–0.35 1.10–1.40 0.030 0.030 0.030 0.010
Physical
properties
Steel bars Tensile strengthσb (MPa) Elongation rate δ (%) Shrinking rateψ (%) Hardness
(HV0.05)
U17Mn 900 10 14 290
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3.2. Preparation ofCu-ZTA cermet
Mechanical alloying is an importantmethod for strengtheningCu-based composites [37–39]. Figures 3(a) and
(b) show the SEM images of Cu-ZTA cermet powder. The phenomenon of coldwelding of copper powder is
shown infigure 3(a). In the process ofmechanical ballmilling, the copper powder and other alloying element
powders are plastically deformed and broken under the action of external force, and the size of the rawmaterial
powder reduced. The copper particles and other alloy elements are combined into a cluster during continuous
stirring [33], the EDS results demonstrate that the cluster particles are composed of various elements
(figure 3(b)).Mechanical alloying can also achieve interatomic bonding between the variousmetal powder [39].
Studies have shown that speed up the ballmilling speed and delay the ballmilling time can reduce the size of the
rawmaterials tomake the reinforcing phasemore evenly distributed, and improve the combination of each
component [40, 41]. At the same time, the broken copper particles are coldwelded duringmechanical ball
Figure 2. Scanning electronmicrograph of ZTAparticles (a)–(b)ZTAparticles without electroless plated (c)–(d)ZTAparticles after
electroless plating.
Figure 3. (a)–(b) SEM image of Cu-ZTA cermets composite powders of F10-5 sample; (c) sintering process diagramofCu-ZTA
cermets prepared by hot-pressing process.
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milling [41, 42]. After the ballmilling, the surface of the ZTAparticles will adhere to themetal binder that
promotes ZTAbond tomatrix.
Figure 3(c) is a schematic view of the sintering process of Cu-ZTA cermet. Under a condition of 900 °Cand
12MPa, the elements such as Zn,Ni, and Sn in thematrix are solid-dissolved into theCumatrix to form a solid
solution and increase the strength of theCu-ZTA cermetmatrix. Then, thematrix starts to growunder heating
conditions,filling the gap between the ZTA and thematrix, achieve the effect on the bonding of ZTAparticles
[43, 44]. As the temperature decreases, the growth process of the crystal grains is basically completed, and the
matrix is composed of a copper-based solid solution, which accompanied by the formation of some
intermetallic compounds. The graphite in the rawmaterial is distributed in the copper-based solid solution,
serves to strengthen thematrix and improve the lubricity of thematerial. In addition, studies have shown that
due to the difference coefficient of thermal expansion betweenZTAparticles and residual stress is generated
betweenmetal binder andZTA. In this paper, the addition of elements such asNi, Sn andZn can lower the
melting point of the Cu-basedmetal bond, so that some liquid phase will appear during the heat preservation
process. The relaxation of the stress is achieved by the diffusion flowmechanism [45] and the allotropy
transformations of ZrO2 in ZTA, thereby reducing the concentrated stress [46, 47].
3.3.Microstructure and phase of Cu-ZTA cermet
Cu-ZTA cermets with different ZTA contents have the same structure after vacuumhot pressing because of the
samemanufacturing process. The SEM images of the interface and substrate of F10-5Cu-ZTA cermet are shown
infigure 4. Figure 4(a) is the lowmagnification SEM image of the F10-5Cu-ZTA cermets, the ZTAparticles are
evenly distributed in theCu-ZTA cermet. Holes in the substrate are caused by polishing. AZTAparticle in
figure 4(b) is completely covered by thematrix, the interface betweenCumatrix andZTA is tightly connected,
and there are no obvious cracks. It can be seen from figure 4(c) that the ZTAparticles are tightly bonded to the
Cumatrix, and there are no cracks, pores and shrinkage in thematrix. No significant interfacial reactionwas
observed and the ZTAparticles weremechanicallymeshedwith the coppermatrix. Infigure 4(d), there is a loose
interfacial layer between the ZTA and the substrate, and a dark gray phase can be clearly seen in theCumatrix, it
is speculated that the phase is an intermetallic compound. Infigure 4(e), there aremainly three kinds of phases in
thematrix: a white bulk phase, a blackflake phaseand a discontinuous dark grey phase. Among them, thewhite
area accounts for the largest proportion, and the black phase is embedded in it. It is presumed that thewhite
phase is coppermatrix, and the black phase is graphite. The dark gray phase formed between the substrate and
the ZTAparticles, since the phase is enriched near the graphite sheet and the boundary between the substrate
and the substrate is irregular and unclear, so it is speculated that the dark gray phase is an in-situ intermetallic
compound [48, 49]. In order to further elaborate the elemental composition of each phase, a dot scanning
analysis was performed on several phases infigure 4(e), and the results are shown in table 3. It can be confirmed
that the black andwhite regions infigure 4(e) are graphite andCu, respectively, and the dark gray region is
composed of some oxides.
TheXRDpattern of F10-5 sample is shown infigure 4(f). The results show that the phase of the composite
material changes significantly due to the diffusion of alloying elements during sintering. The diffraction peaks of
elements such as Sn, La, Cr, S, andNa disappear, and it is presumed that these elements diffuse into thematrix to
form solid solution or compound. In addition, XRD results show that Zn element is solid-dissolved into theCu
matrix to formCu3Zn solid solution, because high temperature and high pressure conditions provide sufficient
power for atomic diffusion [50, 51]. The TiH2 in thematrix will decompose under high temperature, and the Ti
atoms generated after the decompositionwill react with ZTA and thematrix to formTiO andCu3Ti3O. The
reaction equation is as shown in (1) [52], (2)–(3) [53]:
( ) ( )  TiH TiH Ti with H in solution Ti 12 1.5
( )+ = +Al O Ti 2Al 3TiO 22 3
( )+ + = + +Al O 3Cu 5Ti Cu Ti O 2TiO 2Al 32 3 3 3
( )D = -G T K526.58 0.554
In the process of vacuumhot pressing sintering, TiH2 decomposed and the Ti element react withAl2O3 to
formAl andTiO (equation (2)). TheCu-ZTA cermet produced in this paper is similar toweld ZTA toCu
substrate. ZTA contains alumina and zirconia, Ti element can improve thewettability betweenCu andAl2O3 to
formTi3(Cu, Al)3O (M6O-type) compound [54, 55] and formZrO2−x and xTiOwith ZrO2 [56] at the interface.
As the content of Ti element changes, the composition of thisM6O compound also changes. Under the
conditions of the atomic ratio xTi/xCu+Al ratio (1.20 versus 1.05), Ti3Cu3O andTi2Cu4O compounds are
formed, respectively [54]. Both compounds containing some dissolvedAl. Kozlova [57] et al found that low
temperature conditions (T820 °C) and titanium content higher than 3wt%can lead to the formation of the
intermetallic compoundTi3Cu3O. In this paper, the atomic ratioxTi/xCu+Al≈ 1.53 at the interface, and the
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excess Ti element exists as a oxide of TiOx. At 900 ° C, theGibbs free energy of formula (3) is
ΔG=−123.35 kJ mol−1, so that the reaction can take place during vacuumhot pressing.
Figure 5 shows the surface scanning results of the F10-5 sample. It can be seen from figure 5(a) that an
interface layer exists between the coppermatrix andZTA. Figures 5(b)–(d) show that the ZTA ismainly
composed of Zr, Al, andO elements. As shown infigures 5(d), (g), (k), (l), there areO, S, F, Ti element
enrichment at the interface and the substrate, itmight have formed solid solution. These other phases are not
found in theXRD results due to limitations inXRDmeasurement accuracy. Figure 5(e) shows that thematrix is
mainly composed of Cu elements, inwhich some alloy elements such as Sn, Zn,Ni are solid-solved [48]. In
figure 5(i), theNi element is uniformly distributed in thematrix region due to the addition ofNi to thematrix
Cu.However, no obviousNi-rich layer was found at the ZTA/Cu interface, indicating that theNi layer on the
surface of the ZTAparticles diffused into thematrix during vacuumhot pressing. Ni plating can only increase
Figure 4. (a)–(b) Lowmagnification SEM image of the F10-5Cu-ZTA cermets; (c)–(e) SEM image of interface betweenZTA andCu
matrix of F10-5 sample; (f)XRDpattern of F10-5 sample.
Table 3.Energy spectrum results at each point infigure 4(c) (at%).
C O Cu Ti Al Na F Ca S Fe Cr Zr Zn Ni Sn La
1 18.4 — 68.9 — — — — — — 1.4 — — 5.4 4.1 1.8 —
2 35.1 44.4 6.5 0.5 1.9 6.8 3.0 1.2 0.2 — — — — — — —
3 40.2 19.8 8.9 13.6 — — — — 9.2 2.4 5.3 — — — — 0.4
4 11.3 54.4 — — 25.5 1.5 1.4 0.2 — — — 5.8 — — — —
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the bonding ability betweenZTAparticles andmatrix than to achieve chemical bonding betweenmetal and
ceramic [14], which also confirms the conclusion ofmechanical bonding between ZTA andCumatrix.
Combinedwith the results of EDS andXRD, conclusion can be drawn that theCu3Zn solid solution is
formed in theCumatrix to strengthen thematrix. There are also other phases formed inside thematrix, the
main phase is TiOx. The loose interfacial layer formed at the interface between the substrate andZTA. Based on
the point scanning results and thermodynamic calculations, the intermetallic compoundCu3Ti3O and oxide
TiOx are formed at the interface.
3.4. FormationmechanismofCu/ZTA interface
Interfacial bonding state is amajor factor in determining the strength of cermets. Therefore, exploring the
interface formationmechanism between ZTA andCuhelps to understand the strengtheningmechanism. In
figures 4(a) and (b), it is found that there are two kinds of interface between ZTA andCumatrix, one interface is
mechanical bonding betweenCu andZTA, and the other is a reaction bonding interface. The schematic diagram
is shown infigure 6. At the initial stage of vacuumhot press sintering, there is a gap between the ZTA and theCu
matrix, and the ZTA surface is evenly butcheredwith a layer ofNi (figure 6(a)). Copper particles deformed and
melted under high temperature and load conditions, themelted liquid phase fills the gap between ZTA andCu.
Simultaneously, Ni atoms on the surface of the ZTA gradually diffuse into theCumatrix, and the vacancies
formed by the diffusion of theNi atoms are filledwithCu atoms. The bonding betweenCu andZTAparticles
can be achieved during the atomic substitution process to form a goodZTA/Cu interface (figure 6(b)). Ni atoms
diffused into thematrix can form a solid solutionwithCu, increasing the strength of thematrix [32]. As shown
infigure 6(c),Al2O3 in the ZTAparticles reacts with Ti andCu to formCu3Ti3O andTiOx, andfinally forms the
interface of ZTA/Cu3Ti3O/Cu andZTA/TiOx/Cu. By analyzing the interface distribution between ZTA andCu
matrix, the friction performance of Cu-ZTA cermet can be better analyzed.
Figure 5. (a) SEM images of thematrix and (b)–(i) distribution of elements across theCu-ZTA cermet.
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3.5.Hardness of Cu-ZTA cermet
Cu-ZTA cermets with different ZTA contents have the same structure after vacuumhot pressing because of the
samemanufacturing process. Therefore, the difference in hardness between individual samples is negligible.
Figure 7 areOM images of Cu-ZTA cermet using ZTAparticle size of F14+16−1. It can be seen from
figure 7(a) that there are indentations on the copper substrate and second phase. The indentation area on the
second phase is larger than the area on the copper substrate. Figure 7 (b) shows themicroVickers hardness
indentation on the copper substrate. The average value of themicroVickers hardness was 192.04 (±14)HV0.1.
Comparedwith pure copper (50∼65HV) and other copper alloy (70∼130HV), the hardness of the cermet
substrate is greatly improved. The reason is that the alloying elementsNi, Sn, andZn are added in thematrix and
these elements can form a solid solution duringVHPs [58, 59]. In addition, graphite is added into the raw
material, and the diffusion of C element into thematrix can increase the hardness of thematrix.When
measuring the hardness of the Cu-ZTA cermetmatrix, the indenter of themicroVickers hardness tester also
forms an indentation at the second phase in theCumatrix (figure 7(c)). The EDS spectrum infigure 5 shows that
these second phases aremostly composed of oxides and carbides. These second phases have amicroVickers
hardness of 172.26 (±15)HV0.1, which is lower than the hardness of thematrix. It is precisely because of the
existence of the second phase which is discontinuously generated at the interface and the substrate. During the
grinding process, cracks are first generated on these fragile second phases and then diffused into thematrix. The
ZTAparticles can be discharged from the friction pair in time to improve the service life of the cermetmaterial.
3.6. Grinding behavior of Cu-ZTA cermets
The SEM images of the surfacemorphology of steel bars grinded by sevenCu-ZTA cermets are shown in
figures 8(a)–(d). The steel bar is a toughmaterial and thematerial is removed by plastic flowduring the grinding
process. It can be seen fromfigures 8(a) and (b) that there are grinding grooves on the surface of the steel bars and
the presence of axial furrows in some areas. Thewear scar distribution infigure 8(b) is relatively uniform and the
grinding groove is shallow. There are two reasons for this phenomenon: 1. Due to the low content of Cu binder
of F10-4Cu-ZTA cermet, the coating ability of Cu bond to ZTAparticles is weakened, ZTAparticles protrude on
the surface of Cu-ZTA cermet, partially over-exposed ZTA leaves a deeper grinding groove during the grinding
process. 2. After electroless nickel plating, the interface bonding ability between ZTA andCumatrix improved,
some of the ZTAparticles in the F10-4Cu-ZTA cermet were damaged, andwere not peeled off from theCu
matrix in time, so it is difficult to reveal ZTAparticles [60], these broken abrasive particles will also have a bad
influence on the grinding surface. In addition, oxidation and carbon deposition appear on the surface of the steel
bar during grinding [61].
Figure 6. Schematic diagramof the interface betweenZTA andCu.
Figure 7. (a)OM images of Cu-ZTA cermet using ZTAparticle size of F14+16−1 andMicroVickers hardness tester indentation (b)
on the copper substrate (c) on the second phase.
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Figures 8(c) and (d) are SEM images of thewear surface of the steel bar ground by F14-2 and F14+16−1
Cu-ZTA cermets. It can be seen from the figures 8(c) and (d) that there is no deep grinding groove on the surface
of the steel bar, the grinding cracks are uniformly distributed. Some plastic deformation areas are generated on
the surface of the steel bar. These results show that the surface of the steel bar after grindingwith low-grained
Cu-ZTA cermet has excellent surface quality.
Grinding ratio (G) is an important index tomeasure the grinding performance ofmaterials. The grinding
ratio ofmaterials is calculated by formula (4)
( )/=G V V 4wc sc
Where, Vwc is the volume of thework piece removed, Vsc is the loss volume of the grindingwheel, andG is
the grinding ratio.
During the grinding process, not only theZTAabrasive isworn, but also thematrixwearwill occur. Because
thedensity ofZTAabrasives and the density of the basematerial are different, it is difficult to quantitatively analyze
the volume loss of cermets during grinding.Therefore, for formula (4), the value ofVsc cannot bequantitatively
analyzed.Therefore, in thismanuscript, Vwcwas used to characterize the grinding ratio ofCu-ZTAcermets, only
for comparisonof the grinding performanceof the sevenCu-ZTAcermets in thismanuscript. In this paper, theVsc
is regarded as a constant of 1, so the grinding ratio of seven cermets on the steel bars under the same experimental
conditions is shown infigure 8(e). It canbe seen fromfigure 8(e) thatwhen theunelectrolessZTAparticles are
used, the abrasion loss of the steel bars increaseswith the decrease ofZTAcontent.When electrolessZTAparticles
are used, the abrasion loss of steel bars decreaseswith thedecrease ofZTAcontent. The reason is that the bonding
strength betweenunelectrolessZTAandCumatrix isweak. TheCubinder cannot tightlywrap toomanyZTA
particles, and toomuchZTAmayflake off in the grinding process anddamage theprocessed surface (figures 8(a)
and (b)). After electroless nickel plating onZTA,Cu-ZTAcermet has a higher abrasion loss on the steel bars. This is
because the interface bonding strength between electrolessZTAandCu is better. In the grinding process,more
ZTA is in contactwith the contact surface, and the abrasion loss on the steel bars increase.Moreover, ZTA is not
easy to peel because of its goodbonding strength.When the particle size ofZTA is reduced, the abrasion loss ofCu-
ZTAcermets on the steel bars increases, the reason is that the particle size ofZTAdecreases andmoreZTA is
distributed at the grinding interface, so the abrasion loss on the steel bars increases [62].
Figure 8(e) shows the friction coefficient of the sevenCu-ZTA cermet friction pairs studied in this paper.
Compare the friction factors of F10-1, F10-2 and F10-3Cu-ZTA cermets.When electroless ZTAparticles are not
Figure 8. Surfacemorphology of steel bars after grindingwith different types of Cu-ZTA cermets (a) F10-4; (b) F10-5; (c) F14-2; (d)
F14+16−1 and (e)The abrasion loss of Cu-ZTA cermet to steel bars; (f) Friction coefficient of friction pair betweenCu-ZTA cermets
and steel bars; (g) Surface roughness of steel bars after grindingwith cermet.
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used, the friction factor increases as the binder content increases because the binder can better coat the ZTA
particles.When the F10-1Cu-ZTA cermet is subjected to the grinding test, the ZTAparticles are easily peeled
off. Grinding occurs between the coppermatrix and the steel bar, resulting in the lowest friction coefficient of
the friction pair. The effects of electroless nickel plating on friction coefficient of friction pair were verified by
comparing F10-2, F10-4 and F10-3, F10-5Cu-ZTA cermets. It can be seen from figure 8(e) that the Cu-ZTA
cermets using electroless nickel-plated ZTAhas a high friction coefficient. This is because the ZTAparticles after
electroless nickel plating have strong interfacial bonding ability withmatrix [14]. The excellent interface
combinationmakes ZTAparticles hard to fall off during grinding, which improved the grinding ability of Cu-
ZTA cermet. Comparing the friction factor curves of F10-5, F14-2 sample and F10-4, F14+16−1 sample it can
be found that when the particle size of the ZTAparticles is reduced, the amplitude of theCu-ZTA cermet friction
factor decreases in the normal direction. The contact area of theCu-ZTA cermets with the surface of the steel
bars increases during the grinding process, and the abrasion loss of the steel bar increases. Therefore, under the
same conditions, reducing the particle size of ZTA can increase the friction coefficient of the friction pair. This
phenomenon is consistent with the results ofWang et al [62].
Figure 8(g) shows the surface roughness of the steel bars after grinded by sevenCu-ZTA cermets prepared in
this paper. Samples F10-1, F10-2, F10-3 and F10-4, F10-5were compared respectively to analyze the influence of
binder content andZTA electroless nickel plating treatment on the surface roughness of the steel bars. The
results showed that when no nickel-plated ZTAwas used, the surface roughness of sample F10-2was the lowest,
while sample F10-5 is the lowest after electroless nickel plating. The reason is that part of the ZTAparticles in the
F10-2Cu-ZTA cermet will break and flake during the grinding process, resulting in only contact between the
binder and the sample, thus obtaining a bettermachining surface.However, due to the high content of Cu
binder, ZTAparticles arewrapped in binder in the sample F10-5, and the contact area between ZTA and the steel
bars is small. Therefore, the processed surface is good, and the low abrasion loss of sample F10-5 to steel bars also
supports this conclusion. Comparing samples F10-5 and F14-2 to analyze the effect of ZTAparticle size on the
surface roughness of steel bars, the study found that as the particle size of ZTAdecreases, the surface roughness
of the steel bar increases slightly. Comparing samples F14-2 and F14+16−1, it can be found that as the particle
size of ZTAparticles is further reduced, the surface roughness of the steel bar is greatly reduced. Therefore, the
roughness of the ground surface can be improved by reducing the particle size of the ZTAparticles.
In summary, during the grinding process, it was found thatwith the increase of the binder content, the
removal rate of thematerial increased and the surface roughnessdecreased. Under the condition of the same
binder content, when the ZTAparticle size decreases, the removal rate of Cu-ZTA cermet increases, and the
surface roughness of steel bar is reduced. This conclusion is consistent with the results of Gao et al [63].
3.7. Analysis of wear behavior of Cu-ZTA cermet
Figure 9 is a schematic view of thewear behavior of Cu-ZTA cermets during grinding. Thewear properties of
cermets aremainly affected by the hardness of thematrix, the bonding ability of the bonding agent, and the
strength of the ceramic phase [64, 65]. The grinding process is shown infigures 9(a)–(f). Figures 9(a) and (d) are
initial state of Cu-ZTA cermet. Figures 9(b) and (c) are the schematic diagramof grinding process. Under
Figure 9. Schematic diagram and SEM imagesof thewear behavior of Cu-ZTA cermet during grinding (a), (d) Initial state; (b), (e)
Abrasive wear of ZTA; (c), (f)Pull-out of ZTA abrasive.
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loading conditions, the ZTAparticles contact with the surface of the steel bar. Under the action of the tangential
force, the abrasive wear of ZTAparticles will take place (figure 9 (e)). As the grinding process progresses, the
attrition rate of ZTAparticles increased. Infigures 4(b) and (c), it can be clearly seen that there is a distinct
interfacial layer between the ZTA and theCumatrix. This porous interface layer breaks up during high-speed
grinding due to increased loading, causes the extraction of ZTAparticles (figure 9(f)). The grain drawing
phenomenon ismainly caused by bond fracture or bond interface fracture [66]. In addition, when the ZTA
particles are all worn to a very lowprotrusion height, or part of the ZTAparticles are pulled out during the
grinding process, the Cu binder also participates in the grinding process and remains on the surface of the steel
bar [66].
4. Conclusions
In this paper, Cu-ZTA cermets with different content of binder and different particle size ZTAparticles were
prepared by powdermetallurgy, and the following conclusions can be obtained:
1. Electroless nickel plating can significantly improve the bonding ability between ZTA particles and Cu
matrix, and the electroless nickel-plated Cu-ZTA cermet has a highermaterial removal rate.
2. Vacuum hot pressing sintering increases the density of Cu-ZTA cermets. The addition of alloying elements
can formCu solid solution. The best friction andwear properties of Cu-ZTA cermets with 35%Cubinder
andZTAparticle size F14/F16. ThemicroVickers hardness is 192.04 (±14)HV0.1, the grinding ratio is
1.927, the friction coefficient is 0.508, and the surface roughness of themachined surface is 25.092μm.
3. There are two interfacial layers between ZTA and Cu matrix. One interface is that Cu atoms replace Ni
atoms during hot pressing, which improves the bonding ability betweenCu andZTA. TheCu/ZTA
interface is amechanical bonding interface. The other interface is the interface of Cu3Ti3O andTiOx formed
by the reaction of Al2O3with Ti in thematrix, and the interface is a reaction bonding interface.
4. The failure of Cu-ZTA cermet is mainly due to the occurrence of ZTA wear, fracture and extraction at the
Cu/ZTA interface. Stress concentration at the interface under load, and themicrocracks generally originate
at the interface. As the load increases, the cracks continue to expand until the fracture andZTA granularity
are pulled out, causing the failure of Cu-ZTA cermet .
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